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Supplemental Results 
Inter-block consistency 
When possible the same question was used twice in each session, once in the first "block", once in the 
second (see Supplemental Experimental Procedures below). While for the main analyses all trials were 
treated as independent, this design allowed us to exclude some potential confounds. First, since the 
order of responses was reversed between blocks (if "yes" corresponded to the first interval when the 
question was asked first, "no" corresponded to the first interval when the questions was asked the 
second time and vice versa), we can fully exclude the possibility that the pupil responses reflected a 
preference for the first or second interval (rather than selection of the "yes" or "no" option). If this 
would have been the case, the respective question would have been decoded inconsistently (i.e., once 
correctly, once incorrectly) and thus overall performance would have been at chance. Second, the 
design allowed us to test whether the questions that were decoded consistently (i.e., "yes" in both 
blocks or "no" in both blocks for a given cut-off point), and thus would receive high confidence in 
practical use, were decoded correctly. Since the ROC includes all possible criteria (cut-off points) to 
define an answer as belonging to the first or second interval, respectively, we for this consistency 
analysis used the cut-off point for which the sum of both types of errors was minimal (1st interval 
decoded as 2nd plus 2nd interval decoded as 1st). Any slope larger than the cut-off point will be decoded 
as response to the second interval, any slope smaller as the first interval. This treats both errors 
symmetrically and is analogous to defining a cut-off point in clinical situations at maximum specificity 
and sensitivity. At these cut-off points, the significantly decoded LIS patients had 87% (26/30, #2), 
80% (24/30, #5, 1st session), 83% (25/30, #5, 2nd session) and 68% (27/40) correctly decoded 
responses, which is close to the expected values as given by the AUCs (84%, 77%, 90%, 67%). For 
typical LIS patient #2, 11 of the 15 questions were decoded with the same response both times they 
were asked (either "yes" in both blocks, or "no" in both blocks). Of these 11, all decoding results 
(11/11) were correct with respect to ground truth. The same applied to the other LIS patients with 
significant decoding: the questions that were decoded consistently both times they were asked were 
always decoded correctly - 9/9 in #5's first session, 10/10 in #5's second session, and 7/7 (of 20 
questions total) in #6. This result also held for all HCs, with the exception of a single question in HC 
#5. In the patients who did not complete at least 30 trials (typical LIS #4, atypical LIS #1, #2, #4, 
MCS patient), none or very few questions were repeated, precluding inter-block consistency analysis. 
Of the 4 patients, who were asked all 15 questions twice, but did not show significant decoding, two 
still had all (4/4, atypical LIS #3) or all but one (6/7, typical LIS #1) of their consistently decoded 
questions correct, though it should be noted that the definition of the cut-off point is more brittle in 
these cases, when the ROC fluctuates around chance. In any case, our results imply that in all LIS 
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patients with AUCs significantly different from chance and in nearly all HCs, those questions that 
were decoded consistently, and thus would receive high confidence in practical use, were always 
decoded correctly. 
Alternative measures 
Pupil slope as defined here is only one of many possible scalar measures that could be used to quantify 
the pupil response of each trial. We chose this measure, as we had used it before in other paradigms 
[S1] and it was successful in healthy controls under the present paradigm. Keeping parameters 
unchanged is essential when transferring to a distinct population, as it avoids the problem of over-
fitting for the relevant data (here: the patient data). However, we can ask post-hoc, whether simple 
alternative measures exist. One straightforward possibility is mean pupil size in a given part of the 
calculation intervals. Although it is conceivable that such mean-related measures exist for each 
individual and could be extracted with a sufficient number of trials using standard machine-learning 
techniques, across individuals they turned out to be less robust. Interestingly, when considering the 
time course of the mean over trials, some participants showed effects that were nearly reversed relative 
to each other. This is best exemplified for the two patients that showed best decoding performance for 
the pupil slope (typical LIS #2 and typical LIS #5, 2nd session, Figure 1C, blue): While one patient had 
a clearly larger mean in the first interval when the second interval contained the correct response, and 
this difference reduced in the second interval (after a short reversal immediately after the second 
option was presented, typical LIS #2, Supplemental Figure S2A), the other showed the reversed 
pattern in the first interval and a larger difference in the second interval (typical LIS #5, second 
session; Supplemental Figure S2B). This reversal in the difference between both answer options is 
indeed consistent on a trial-by-trial basis. When decoding is based on the mean pupil size in the part of 
the calculation intervals that are also used for computing pupil slopes in the main analysis, both 
patients can also be decoded significantly different from chance (Supplemental Figure S2C, D). 
However, in one case the AUC is significantly below, in the other significantly above chance. This 
still means that both patients could be decoded well (since there is no a prior assumption whether the 
mean should be smaller or larger in the interval following the correct response), if the system is trained 
and adjusted to the individual. Hence the mean in the interval can be an alternative (or even additional) 
measure if training with the patient is possible. However, when the system needs to be used without 
training or adjustment, the slope remains the preferable measure. The idiosyncrasies in the pupil 
absolute response make the inter- and intra-individual robustness of the pupil slope (compare 
Supplemental Figure S2E,F to Figure 1B) even more remarkable and make it a likely candidate not 
only for communication with LIS patients, but also – as suggested by the MCS data – possibly for 
improving the diagnosis of patients with disorders of consciousness. 
In turn, idiosyncratic measures, such as the average size in a given interval, open the possibility that 
repeated training with the same patient may further improve results, in particular if online feedback is 
given and parameters are iteratively adjusted. Importantly, for the single patient who was tested twice 
(typical LIS #5), we saw no evidence of degradation in decoding performance, which would prohibit 
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long-term use. While clearly beyond the proof-of-principle sought here, individual adjustment of 
parameters and individual training thus have the potential to further increase the system's efficiency, 
not only in terms of reliability but also in terms of bit-rate. While any bit-rate larger than 0 is of use for 
patients without established communication or whose state of consciousness is in question, such 
adaptations could make the proposed system a clinically useful application even for those LIS patients 
who already have an established mode of communication and environmental control.  
One parameter that can easily be modified is the part of the calculation interval actually used for 
computing the pupil slope. Based on the HC data we chose to skip the first 1.5s for all data analysis. 
Testing the patients' data post-hoc shows that with adjustment for the skipped interval in 0.5s steps 5 
out of 7 individuals in typical LIS would show significant decoding individually. The AUCs of all 7 
patients then ranged from 64 to 85%, and patients #5‘s second session reached 98%. In contrast, 
despite some improvement, no atypical LIS patient reached significant decoding performance on an 
individual level (AUC range: 58-71%), even after such adjustment. Nonetheless, the fact that a 
straightforward adjustment to the individual improves decoding together with the improvement seen 
for typical LIS patient #5 in his second session supports the notion that the present system can be 
readily developed into a system that reaches stable performance on a level appropriate for daily use.  
Supplemental Experimental Procedures 
Participants 
Healthy controls (HCs; age: 20-23, 3 males) were recruited from the Philipps-University Marburg 
(Germany) student body. Inclusion criteria were: age older than 18 and normal or corrected-to-normal 
visual acuity; exclusion criteria were: (1) history of psychiatric or neurologic illness, (2) requirement 
of visual correction that inferred with the measurement equipment. 
Patients were recruited via the University Hospital of Liège (Belgium) and the Association for 
Locked-In Syndrome (ALIS, France). Experiments were conducted in the patients' homes throughout 
Belgium and France. Inclusion criteria were: (1) patients older than 18 and (2) presence of operational 
criteria for classical (i.e., total immobility except for vertical eye movements or blinking) or 
incomplete (i.e., permitting remnants of voluntary motion) LIS following brainstem stroke and without 
supratentorial brain lesions (i.e., typical etiology) or following severe brain injury with supratentorial 
brain lesions (i.e., atypical etiology). Exclusion criteria were: (1) documented history of prior brain 
injury; (2) premorbid history of developmental, psychiatric or neurologic illness resulting in 
documented functional disability up to time of the injury; (3) visual problems in both eyes. The Coma 
Recovery Scale-Revised was administered on the day of the assessment [S2, S3]. The CRS-R is a 
standardized and validated behavioral assessment scale to determine patients' level of consciousness. It 
assesses auditory, visual, verbal and motor functions as well as communication and arousal level. The 
total score ranges between 0 (coma) and 23 (emergence from the MCS; see CRS-R subscores for each 
patient in Supplemental Table S1). 
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The study was approved by the Ethics Committee of the Faculty of Medicine of the University of 
Liège (patients), and the Ethics Committee of the Department of Psychology of the Philipps-
University Marburg (healthy controls); written informed consent was obtained from all patients and all 
healthy participants prior to the experiment. The study conformed to the Declaration of Helsinki. 
Based on the aforementioned criteria, seven patients who had a brainstem stroke (five males; aged 
between 40 and 74 yr; between 3 and 19 years post insult, see Supplemental Table S1) and five 
patients with severe brain injury (five males; aged between 21 and 56 yr; between 2 and 13 years post 
insult, see Supplemental Table S1) were included in the study (two traumatic, two ischemic/hypoxic 
encephalopathy and one cardiovascular accident). They all had the clinical consensus diagnosis of 
LIS. When tested on the day of assessment, all LIS patients could communicate either via yes-no 
coded eye or head movements, use an eye-controlled spelling-board or use a computer-controlled 
letter speller (see Supplemental Table S1). The MCS patient (male, stroke, 50 yr, 2.1 years post onset) 
did not show any functional communication or functional object use.  
All participants (patients and healthy controls) took part in one experimental session, with the 
exception of typical LIS patient #5, who took part in two sessions.  
Patients with severe brain injury or LIS often take a variety of centrally acting drugs with potential 
anticholinergic or sympaticomimetic effects, as was also the case in the studied convenience sample 
(Supplemental Table S1). For obvious medical and ethical reasons these drugs could not be withdrawn 
for the current study. Our results show that despite this potentially confounding factor, several patients 
were able to show measurable pupil-related responses to the employed paradigm, illustrating its 
possible clinical use. 
Setup  
Pupil size of both eyes was measured non-invasively by a mobile head-free video-oculographic device 
(EyeSeeCam, [S4]) at a sampling rate of 221Hz. In brief, the device illuminates the eyes with infrared 
LEDs embedded in swimming goggles and records videos of both eyes with attached cameras. The 
device's software uses an adaptive thresholding procedure to determine pixels belonging to the pupil. 
Based on these pixels, the device fits the pupil and computes a measure that is proportional to the 
actual pupil area. By design, the measure is insensitive to partial obstruction of the eye by its lid, and 
tolerates deviations of gaze from the straight-ahead in the range of relevance to the present study (i.e., 
the size of the presentation screen). Since all analysis is insensitive to scaling, the raw values in pixel2 
are used throughout. The transformation of pixels to actual size varies between observers, but 40 pixel2 
typically corresponds to a pupil diameter of about 3.2 mm, and the fluctuations reported here would be 
clearly visible by the naked eye. 
Visual and auditory stimulation were run on a laptop computer (MacBookPro, Apple Inc, Cupertino, 
CA, USA) that also recorded the EyeSeeCam data. Stimuli were generated using Matlab (Mathworks, 
Nattick, MA, USA) and its Psychophysics toolbox extension [S5, S6], which was controlled by and 
thus synchronized to the EyeSeeCam software. At the end of each trial, the software provided the 
pupil trace for visual inspection to one experimenter, who was unaware of the correct response, to 
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verify the correct functioning of the setup and participant’s cooperation. Visual stimuli were displayed 
on a 19' TFT monitor connected to the laptop; auditory stimuli were generated using the default tts 
(text-to-speech) voice of Mac OS X for French (patients) and German (healthy controls), respectively. 
Procedure – Preparation and details 
To familiarize participants with the task and setup, they were presented calculation tasks of varying 
levels of difficulty prior to each session. During this preparation phase, pupil size was monitored to set 
the difficulty of calculations for the main experiment and the duration of the calculation interval (5s in 
HCs, typical LIS patient #6 and 1st session of typical LIS patient #5, 10s in atypical LIS patient #3, 7s 
otherwise). Each session consisted of two blocks. Each block included 15 trials. The questions of the 
first block were repeated in the second block, with the order of response alternatives reversed as 
compared to the same question in the first block. In some patients (see main text), the number of trials 
had to be reduced, as patients showed obvious signs of fatigue, one patient (typical LIS #6) performed 
an additional two blocks of 5 questions each directly after the first two blocks (40 trials / 20 distinct 
questions in total) . In the first trials conducted with the MCS patient, it became evident that he did not 
follow task instructions (e.g., ignoring the screen, not showing any substantial pupil response to either 
interval), which prompted the use of command-following as described in the main text, instead.  
Preprocessing of pupil data 
Pupil data, as recorded by the EyeSeeCam device was interpolated through times of blinks using cubic 
spline interpolation. To suppress extreme outliers, a 50 ms median filter was applied to the resulting 
signal. No other pre-processing or normalization was performed, such that the information used in the 
present study is available at each trial's end. In each trial the data of the eye with the better fit (smaller 
mean-squared error) for the pupil slope (Figure 1B) was retained.  
Signal-detection analysis, statistics for individuals 
To compute confidence intervals for the AUC of each individual using non-parametric statistics [S7], 
we used the implementation of R's pROC package [S8]. Reported p-values (at alpha levels of <0.05, 
<0.01 and <0.001) correspond to two-sided statistics (AUC different from chance level). 
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Supplemental Figures 
Figure S1 
 
Figure S1. Raw ROC curves corresponding to data in Figure 1C. In all panels false positive rate 
plotted on the x-axis, true positive rate on the y-axis. Ideal decoding performance (100% AUC) would 
correspond to a curve in the upper left corner, chance performance (50% AUC) to a ROC curve 
around the diagonal. AUCs are given in each plot. Number of data points varies as some participants 
had a reduced number of trials (see main text). HC=healthy control, typ. LIS = typical LIS patient, 
atyp. LIS = atypical LIS patient, MCS = MCS patient.  
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Figure S2 
 
Figure S2 Mean traces for the two best decoded patients. Time course of average pupil size for 
trials in which the first answer was correct (blue) or the second answer was correct (red), mean and 
standard error over trials at each time point. A) typical LIS patient #2, B) typical LIS patient #5, 2nd 
session. Calculation intervals start at 5s and 12s after trial onset. For the main analysis, pupil slope was 
analyzed between 6.5s and 12s as well as between 13.5s and 19s. The responses are distinct for the 
two calculation intervals in either individual, but the patterns are reversed in the first interval, which 
yields a reversed effect when differences between means of each interval would be considered rather 
than slopes. C, D) ROC curves based on means in the calculation intervals. In both patients there 
would be decoding significantly different from chance (AUC: 21%, 91%); however, the direction 
(does a larger or a small mean correspond to an answer in the respective interval) is reversed. E,F) 
Pupil slopes for all trials of typical LIS patient #5's 2nd session, for which the first answer was correct 
(panel E) and those for which the second answer was correct (panel F). Compared to the data of 
typical LIS patient #2 (panel A, and Figure 1B), the baselines are reversed, but the direction of the 
slopes (positive for 2nd interval correct, negative for 1st interval correct) is qualitatively similar. 
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Supplemental Table 
 Patient Gender Age Etiology Time 
since 
onset 
(years) 
Structural brain lesions CRS-R subscores Centrally acting drugs Communication code 
typical 
LIS #1 M 74 Brainstem stroke 2.7 Brainstem A4V5M0O2C2Ar2 escitalopram 10mg, zopiclone 5mg Small Yes-No head movement 
typical 
LIS #2 M 40 Brainstem stroke 18.6 Brainstem  A4V5M0O1C2Ar2 baclofen 40mg 
Eye blinks (virtual keyboard for 
letter spelling) 
typical 
LIS #3 M 46 Brainstem stroke 12.1 Brainstem A4V5M1O2C2Ar2 nihil 
Yes-no head movements and 
vocalizations 
typical 
LIS #4 M 47 Brainstem stroke 3.3 
Cerebellum and 
brainstem  A4V5M1O2C2Ar2 lamotrigine 100mg, levocetirizine 5mg 
Yes-no head movements and 
vocalizations via tracheostomy 
typical 
LIS #5 F 45 Brainstem stroke  3.7 
Brainstem and middle 
cerebellar peduncles A4V4M2O2C2Ar2 
amantadine 100mg, duloxetine 60mg ; 
pregabalin 75, moxonidine 0,4mg, 
ipratropium bromide 
Small Yes-No head movement 
typical 
LIS #6 M 49 Brainstem stroke 11.1 Brainstem  A4V5M1O2C2Ar2 
baclofen 60mg, zopiclone 5mg, 
lorazepam 2,5mg, acedicone 5 mg, 
ipratropium bromide 
Small Yes-No head movement 
typical 
LIS #7 F 46 Brainstem stroke 17.3 Brainstem A4V5M1O2C2Ar2 
bromazepam 6mg, fluoxetine 
chlorhydrate 20mg, trimebutine 100mg 
Yes-no head movements and 
vocalizations and finger-
controlled letter speller  
atypical 
LIS #1 M 36 
Ischemic/hypoxic 
encephalopathy 7.7 
Bilateral basal ganglia 
lesions, diffuse cortical 
atrophy 
A4V4M2O1C2Ar2 
baclofen 40mg, tianeptine 25mg, 
alfuzosin 10mg (α1 adrenergic receptor 
antagonist) 
Yes-no head movements and 
finger-controlled letter speller 
(very limited attention span) 
atypical 
LIS #2 M 25 
Ischemic/hypoxic 
encephalopathy 12.8 
Lenticular nuclei and 
thalamus, rolandic 
fissure and head of the 
left  caudate nucleus  
A4V5M3O2C2Ar2 dantrolene 25mg, baclofen 10mg, pregabalin 50mg 
Yes-no head movements and 
vocalizations (very limited 
attention span) 
atypical 
LIS #3 M 21 TBI 5.8 
Right cerebellar, right 
prefrontal cortex and left 
lenticular. Diffuse 
cerebral atrophy. 
A4V5M1O2C2Ar2 nihil Eye-controlled letter speller  
atypical 
LIS #4 M 56 TBI 4.9 
Frontal, left temporal 
and occipital.  A4V2M1O1C2Ar2 
domperidone 10mg, citalopram 40 mg, 
cetirizine 10 mg, pregabalin 25mg, 
intrathecal baclofen 
Yes-no eye-code 
MCS M 50 CVA 2.1 
Massive right temporo- 
occipital, left temporal 
and brainstem lesions 
A3V3M2O0C0Ar1 
acebutolol 200mg, baclofen 30mg, 
clonazepam 2mg, dantrolene 100mg, 
domperidone 10mg, milnacipran 100mg, 
levodopa benzerazide 100/25mg, 
tramadol hydrochloride 250mg 
None 
Table S1. Clinical information for locked-in syndrome (LIS) patients with brainstem stroke (typical), with severe brain injury (atypical) and the minimally 
conscious (MCS) patient. CRS-R = Coma Recovery Scale-Revised, A = auditory subscale, V = visual subscale, M = motor subscale, O = oromotor verbal 
subscale, C = communication subscale, Ar = Arousal subscale.  
